In this study, we analyzed the influence of vitamin E succinate (5 -80 vM), supplemented in the culture medium, on the survival of cultured retinal cells. The release of lactate dehydrogenase (LDH) was decreased in the presence of low concentrations (10-20 vM) of vitamin E succinate, whereas high concentrations (80 vM) induced a significant increase (about 2-fold) in the release of LDH, indicating a reduction of plasma membrane integrity. Supplementing with vitamin E succinate (80 vM) greatly enhanced its cellular content, as compared to vitamin E acetate (80 vM), and the membrane order of the retinal cells, as evaluated by the fluorescence anisotropy (r) of TMA-DPH (1-(4-(trimethylammonium)-phenyl)-6-phenylhexa-1,3,5-triene), was not altered. Furthermore, vitamin E succinate was more potent than vitamin E acetate in reducing thiobarbituric acid reactive substances (TBARS) formation upon ascorbate-Fe 2 + -induced oxidative stress (TBARS formation after cell oxidation decreased by about 15-fold or 1.6 fold, respectively, in the presence of 20 vM vitamin E succinate or 20 vM vitamin E acetate). A decrease in MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction induced by supplementing with vitamin E succinate (80 vM), to 35.99 91.96% as compared to the control, but not by vitamin E acetate (80 vM), suggests that vitamin E succinate may affect the mitochondrial activity. Vitamin E succinate also reduced significantly the ATP:ADP ratio in a dose-dependent manner, indicating that vitamin E succinate-mediated cytotoxic effects involve a decrement of mitochondrial function.
Introduction
Vitamin E comprises eight naturally occurring fat-soluble derivatives, of which the most predominant, essential and with the highest biological activity is h-tocopherol (Bjørneboe et al., 1990) . h-Tocopherol (referred to in this work as vitamin E) is a major antioxidant in biological systems, acting as a powerful chain-breaking agent through the scavenging of peroxyl radicals (Smith et al., 1993) . Because oxidative damage has been postulated to be one of the causes of a variety of human diseases, the inhibition of peroxidation of polyunsaturated fatty acids by vitamin E is an important mechanism to avoid further cellular damage. Thus, a number of studies have been carried out to determine the protective effects of vitamin E in different biological models of injury. Vitamin E efficiency in protecting against radicalinduced injury was documented in primary cultures of the neuronal retina, after oxidation caused by cumene hydroperoxide (Amano et al., 1994) , or after ascorbate -Fe 2 + -induced oxidative stress, through a decrease in the extent of lipid peroxidation (Agostinho et al., 1997) . In endothelial cells, vitamin E decreased the production of hydrogen peroxide after hypoxia/reoxygenation (Martin et al., 1996) . In C6 glioma cells, vitamin E completely blocked glutamate cell death and restored ATP levels (Yasui et al., 1996) . Because vitamin E is located within the membranes, its efficiency in breaking chain propagation reactions is much higher than that of hydrophilic antioxidants, like Trolox or ascorbate, although they act as a synergist by reducing the vitamin E radical to regenerate vitamin E at the membrane surface (Niki et al., 1996) .
In nature, vitamin E is found unesterified. Nevertheless, vitamin E esters are used in pharmacological formulations and dietary supplements because they are much more resistant to oxidation than the unesterified form. The esters themselves do not have antioxidant activity because the esterification masks the phenol moiety, but they release h-tocopherol after enzymatic hydrolysis (reviewed in Liebler, 1993) . The relatively nonpolar acetate ester (h-tocopherol acetate) is the most common form of vitamin E used as an oral supplement in humans, which is more stable than the free phenol form (Cheeseman et al., 1995) . Although less commonly used, the succinate ester of vitamin E (h-tocopherol succinate) is more polar and resistant to oxidation and requires hydrolysis to release the active free phenol (Cheeseman et al., 1995) . Previous studies describe the availability of h-tocopherol from dietary vitamin E acetate and vitamin E succinate as similar to that of the unesterified form (reviewed in Liebler, 1993) .
Because the range of concentrations and the efficiency of different forms of vitamin E must be considered when using vitamin E for pharmacological formulations and dietary supplements, the purpose of the present study was to analyze the influence of vitamin E succinate, in comparison with vitamin E acetate, on the viability of retinal primary cell cultures, used as a neuronal model. Because vitamin E succinate was found to be cytotoxic when present in high concentrations, its therapeutical use in high doses as an antioxidant, in pathological situations in which oxidative stress is thought to be involved, namely in neurodegenerative disorders, should be carefully considered.
Materials and methods

Materials
Basal Medium of Eagle (Earle's salts, BME) was purchased from Sigma, Irvine, Scotland; trypsin from GIBCO and fetal calf serum from Biological Industries, Beth, Ha, Emek, Israel. 1-(4 -(Trimethylammonium) -phenyl) -6 -phenylhexa -1,3,5-triene (TMA-DPH) was obtained from Molecular Probes, Eugene, OR. Vitamin E (D-htocopherol) succinate was obtained from Sigma, St. Louis, MO, whereas vitamin E (D-h-tocopherol) acetate was purchased from Fluka (Sigma-Aldrich), Buchs, Switzerland. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX) was a kind gift of NOVO Nordisk, Denmark; and (+)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)-cyclohepten-5,10-imine hydrogen maleate (MK-801) was from Merk Sharp and Dohme, West Point, PA. All other reagents were of analytical grade.
Culture of chick retinal cells and incubation with 6itamin E
Retinal cells were prepared from 8-day-old chick embryos, as previously described (Agostinho et al., 1994; Rego and Oliveira, 1995) . Briefly, the retinas were dissected free from other ocular tissues and dissociated with 0.1% trypsin in a Ca 2 + -and Mg 2 + -free Hank's balanced salt solution for 15 min, at 37°C. The digested tissue was centrifuged at 500× g for 1 min and the pellet was resuspended in BME containing Earle's salts and L-glutamine, buffered with 25 mM HEPES and 10 mM NaHCO 3 , and supplemented with 5% fetal calf serum (heat inactivated), penicillin (100 U/ml) and streptomycin (100 vg/ml). Then the tissue was dissociated mechanically with a glass pipette and the retinal cells were further cultured in BME supplemented medium, as described. The cells were plated at a density of 0.64× 10 6 cells/cm 2 on poly-L-lysine coated Costar multiwell plates or on poly-L-lysine coated glass coverslips, for fluorescence measurements. The retinal cells were cultured for 6 days at 37°C in an atmosphere of 95% air and 5% CO 2 . Similar cultures of retinal cells were described as being enriched in amacrine neuron-like cells, but also containing neurons resembling bipolar cells and a few glial cells (Huba and Hofmann, 1990; Agostinho et al., 1996) .
The retinal cell cultures at day 5 were supplemented with increasing concentrations of vitamin E succinate (5-80 vM) or vitamin E acetate (80 vM) in culture medium, and incubated for up to 24 h at 37°C in an atmosphere of 95% air and 5% CO 2 . The control cells were incubated in the absence of vitamin E supplementation, whereas other cells were incubated with the vehicle (0.8% ethanol, maximal percentage).
Analysis of cell sur6i6al
The viability of retinal cells was determined by monitoring the leakage of lactate dehydrogenase (LDH) or the capacity of the cells to reduce the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) salt to formazan, by the MTT colorimetric assay, upon incubation in the presence of vitamin E.
LDH activity was measured spectrophotometrically, according to the method of Bergmeyer and Brent (1974) , by following the rate of conversion of NADH to NAD + , at 340 nm. The total LDH activity was determined after lysing the cells with 10 mM Hepes, pH 7.4. LDH released into the extracellular medium, incubated with the cells for 20 h, was expressed as a percentage of the total LDH activity in the cells.
The extent of reduction of MTT was measured spectrophotometrically at 570 nm, according to Mosmann (1983) . Briefly, 0.5 ml MTT (final concentration 0.5 mg/ml, in sodium saline solution), prepared just before use and maintained in the dark, was added to the retinal cells. After a 3 h incubation at 37°C, required for MTT reduction, an equal volume of acid-isopropanol (0.04 M HCl in isopropanol) was added and mixed thoroughly until all the formazan crystals were dissolved. The survival of retinal cells was expressed as the percentage of OD of control cells, in the absence of vitamin E.
Analysis of adenine nucleotides
The retinal cells pre-treated with vitamin E were washed twice with sodium saline solution, containing (in mM): NaCl 140.0, KCl 5.0, CaCl 2 1.5, MgCl 2 1.0, NaH 2 PO 4 1.0, glucose 5.6 and Hepes 20.0, at pH 7.4 (37°C). The cells were further extracted with 0.3 M perchloric acid (0-4°C) and centrifuged at 15800× g, for 5 min. The pellets were solubilized with 1 M NaOH and analyzed for total protein content by the Sedmak method (Sedmak and Grossero, 1977) . The supernatants were neutralized with 10 M KOH in 5 M Tris and centrifuged at 15800× g for 10 min. The resulting supernatants were assayed for adenine nucleotides determination, by separation in a reversed-phase HPLC, as described by Stocchi et al. (1985) . The chromatographic apparatus used was a Beckman System Gold, consisting of a Binary Pump model 126 and a Variable 166 UV detector, controlled by a computer. The column used was a Lichrospher 100 RP-18 (5 vm) from Merck (Darmstadt, Germany). An isocratic elution with 100 mM KH 2 PO 4 buffer, at pH 7.4, and 1% methanol was performed with a flow rate of 1.2 ml/min. The adenine nucleotides (ATP, ADP and AMP) were detected at 254 nm, for 6 min.
Induction and measurement of oxidati6e stress
In other experiments, the oxidative stress was induced by incubating the retinal cells with ascorbic acid and Fe 2 + . Briefly, the culture medium in which the vitamin E was incubated was removed and the cells were pre-incubated for 10 min in sodium saline solution. Cell oxidation was induced with 5 mM ascorbate and 100 vM Fe 2 + in sodium solution, at pH 6.5 (37°C) for 15 min. Control conditions were carried out in the absence of the oxidizing agents at pH 7.4. The reaction was stopped by removing the incubation medium and by adding 0.5 ml ice-cold 15 mM Tris (pH 7.4), 0.5 ml 40% tricarboxylic acid (TCA) (w/v) and 4.5 vl 267 mM 2,6-di-tert-butyl-4-methylphenol (BHT) with the plates already on ice at 0-4°C. The cells were scraped and thiobarbituric acid reactive substances (TBARS) were determined using the thiobarbituric acid (TBA) method, according to Wills (1969) : 2 ml 0.67% TBA were added and the samples were placed in a boiling waterbath for 15 min. After cooling, the samples were centrifuged at 3000 rpm in a SIGMA-302 K centrifuge, for 10 min, and the supernatants were collected. An absorption coefficient of 1.56× 10 5 M − 1 cm − 1 at 530 nm was used for calculating the amount of TBARS produced, expressed as nmol/mg protein. The amount of protein was determined by following the Sedmak method (Sedmak and Grossero, 1977 ).
Glutathione reductase acti6ity measurements
The activity of glutathione reductase (GR) in cultures of the retinal cells was measured spectrophotometrically after lysing the cells with an hypotonic solution containing 10 mM Hepes, pH 7.4, since GR, the enzyme responsible for the maintenance of intracellular reduced glutathione (GSH), is found in the soluble fraction of the cells. GR activity of the retinal samples stored at − 20°C was determined by following the rate of conversion of NADPH to NADP + at 339 nm. The cuvettes contained 2.6 ml phosphate buffer (0.12 M KH 2 PO 4 , pH 7.2), 0.1 ml 15 mM EDTA, 0.1 ml 65.3 mM oxidized glutathione (GSSG) and 0.1 ml of the sample, which were thoroughly mixed for 5 min at 37°C. The reaction was initiated by adding 0.05 ml 9.6 mM i-NADPH. i-NADPH or GSSG solutions were freshly prepared in 1% (w/v) NaHCO 3 or water, respectively. The rate of absorbance decrease, due to NADPH oxidation, was measured against air and monitored at 30 s intervals for 1 min at 37°C in a Perkin Elmer Lambda-2 thermostatized spectrophotometer. The results were expressed as the catalytic activity of GR related to the amount of protein, in U/mg protein.
Retinal cell content in 6itamin E
At the end of the incubation with vitamin E, the retinal cells were lysed with 15 mM Tris, pH 7.4, scraped and homogenized. The extraction and separation of endogenous membrane-containing vitamin E was performed by following the methods described by Vatassery et al. (1978) , Leenheer et al. (1979) and Burton et al. (1985) . To 0.5 ml of the cell suspension, 1.5 ml 10 mM SDS was added, followed by addition of 2 ml ethanol. Then, 2 ml n-hexane and 50 vl 3 M KCl were added, and vortexed for about 3 min. The extract was centrifuged at 2000 rpm, for 3 min, in a SIGMA 302-K centrifuge to allow phase separation. The upper phase (1 ml) containing n-hexane (the n-hexane layer) was recovered and evaporated to dryness under a stream of N 2 , and kept at − 80°C. The extract was redissolved in n-hexane and vitamin E was analyzed by reversed-phase HPLC. A 4.6 mm× 200 mm, Spherisorb S10w column was eluted with n-hexane modified with 0.9% methanol, at a flow of 1.5 ml/min. Detection was performed by UV absorbance, at 287 nm.
Membrane anisotropy measurements
The membrane order of the retinal cells pre-exposed to vitamin E was measured by fluorescence analysis in glass coverslips, by using the probe TMA-DPH. The coverslips were rinsed with a sodium saline solution at pH 7.4. The coverslips were placed in a special holder (Perkin-Elmer L225008) allowing an alignment at an angle near 60°to the excitation beam in a temperature-controlled cuvette in order to minimize the effect of light reflection. The cells were further incubated with 1.5 vM TMA-DPH (dissolved in N,Ndimethylformamide and maintained in the dark) in 1.5 ml sodium saline solution, for 20 min, at 37°C. Preliminary tests have shown that the probe is rapidly incorporated in both cells non-treated and treated with vitamin E, the labelling of cultured cells by TMA-DPH being maximal after about 15-20 min. Constant anisotropy (r) values were observed at least up to 30 min-incubation with TMA-DPH. Fluorescence anisotropy (r) was determined in a computer-assisted Perkin-Elmer LS 50 B spectrofluorophotometer, equipped with a thermostated cuvette holder and with a controlled polarizer system, with excitation at 360 nm and emission at 430 nm. The fluorescence anisotropy data were calculated according to Shinitzky and Barenholz (1978) , and determined by the formula:
where I and I Þ are the intensities of the emitted light whose plane of polarization is oriented, respectively, parallel and perpendicular to the plane of polarization of the excitation beam. An increase in fluorescence anisotropy (r) values reflects a decrease in the probe mobility and an increase in the membrane structural order and/or a decrease in membrane 'fluidity' (Van Blitterswijk et al., 1981) . Nonlabelled cells at the excitation wavelength of 360 nm and the emission wavelength of 430 nm gave total fluorescence intensities of less than 10% of the signal with TMA-DPH.
Data analysis
Throughout the text, data are expressed as mean 9S.E.M. of the indicated number of experiments. Statistical significance was determined by using the unpaired Student's t-test (PB 0.05 was considered significant).
Results
Effect of 6itamin E succinate on the sur6i6al of retinal cells
The survival of the retinal cells submitted to vitamin E succinate supplementation was analyzed by the release of LDH, which is indicative of irreversible membrane disruption and cell death, and by the reduction of MTT, suggested to be a measure of the mitochondria activity (Mosmann, 1983; Keller et al., 1997) . Fig. 1 shows that the leakage of LDH varied depending on the concentration of vitamin E succinate supplementing the culture medium for 20 h. LDH leakage was significantly lower, as compared to the control (19.229 1.41%), in the presence of 10 vM (8.599 0.75%) or 20 vM (5.719 0.24%) vitamin E succinate, indicating an increase in the integrity of the plasma membrane. In the presence of 80 vM vitamin E succinate, the release of LDH increased significantly (35.459 2.70%), indicating cell toxicity (Fig. 1) . Fig. 1 . Effect of vitamin E succinate on LDH leakage. Cultures of the retinal cells were supplemented with vitamin E succinate (5, 10, 20, 40 or 80 vM) and incubated for 20 h at 37°C in an atmosphere of 95% air and 5% CO 2 . Then the medium was recovered and LDH was measured by following the conversion of NADH to NAD + , at 340 nm. Retinal cells were lysed after incubation with ice-cold 10 mM Hepes, pH 7.4. LDH released into the extracellular medium was expressed as a percentage of the total (intra-plus extracellular) LDH activity in the cells. The data are the mean 9 S.E.M. from seven to twenty-three determinations, in duplicate. Statistical significance: **PB 0.01 or ***PB 0.001 as compared to the control, in the absence of vitamin E succinate. Fig. 2 . Dose-dependent changes in MTT reduction induced by vitamin E succinate. The cells were supplemented with vitamin E succinate (5 -80 vM) for 20 h, whereas the control cells were not exposed to vitamin E succinate. At the end of the incubation, the culture medium was removed and the cells were incubated with MTT (0.5 mg/ml), for 3 h. MTT reduction was examined spectrophotometrically at 570 nm after addition of acid-isopropanol. Data, expressed as a percentage of control, are the mean 9 S.E.M. from eight experiments, run in duplicate or triplicate. Statistical significance: *PB 0.05, **PB 0.01 or ***PB0.001 in comparison with the control, not submitted to vitamin E treatment.
of the cells to reduce MTT (Fig. 2) , suggesting that the mitochondrial activity was affected. Incubation with 40 vM vitamin E succinate decreased MTT reduction to 81.59 9 4.15%, whereas in the presence of 80 vM vitamin E succinate, the MTT reduction was 35.999 1.96%, a decrease of about 64% in comparison with the control (Fig. 2) . Moreover, 0.8% ethanol, the maximal percentage of vehicle used, did not significantly affect the reduction of MTT (Fig. 3) . Incubation with vitamin E acetate (80 vM) did not change MTT reduction as compared to the control (Fig. 3) , indicating that the alteration of cell survival and/ or mitochondrial activity was only observed after treatment with the form of vitamin E esterified with succinate. As observed in Fig. 4 , 80 vM vitamin E succinate mediated changes in MTT reduction were time-dependent and achieved maximal effects after 20-24 h incubation. In this study we also observed that 80 vM vitamin E succinate-induced loss in cell survival was not associated with the activation of glutamate receptors due to the release of excitatory amino acids, a common feature of neurotoxicity in retinal cells LDH data were compared to the morphological observation of the retinal cells submitted to vitamin E succinate, for 20 h. Similarly to LDH leakage measurements, 20 vM vitamin E succinate did not cause significant changes in the cell morphology (not shown). However, incubation with 40 vM vitamin E succinate altered the normal morphology of retinal neurons. Under these conditions the neurons were grouped in clusters, but the dendrites and axons were maintained. In the presence of 80 vM vitamin E succinate, the dendrites and axons were completely lost, leading to major cellular degeneration. In the presence of 80 vM vitamin E acetate or in the presence of 0.8% ethanol, their normal morphology was maintained (not shown).
The survival of the retinal cell was also analyzed by the MTT method (Figs. 2 -4 ). Fig. 2 shows that in the presence of low concentrations of vitamin E succinate (5 -20 vM) cell survival was preserved. Nevertheless, increasing the concentration of vitamin E succinate up to 80 vM induced a dose-dependent decrease in the capacity Fig. 3 . Effect of vitamin E succinate, vitamin E acetate or ethanol on the reduction of MTT. The retinal cells were supplemented in the culture medium with vitamin E succinate (80 vM), vitamin E acetate (80 vM) or ethanol (0.8%) for 20 h. Then, the cells were incubated with MTT (0.5 mg/ml), for 3 h. MTT reduction was examined spectrophotometrically at 570 nm. Data, expressed as a percentage of control, are the mean 9 S.E.M. from two to three experiments run in triplicate. Statistical significance: ***PB0.001 as compared to the control. vM vitamin E succinate for up to 24 h. MTT reduction was determined as described in Fig. 2 . The results are the mean 9 S.E.M. of four experiments run in triplicates. Statistical significance: ***PB0.001 as compared to the reduction of MTT observed before incubation with vitamin E succinate. min E succinate, as compared to the control (15.5390.50), in the absence of vitamin E (Fig.  5) . In the presence of 0.8% ethanol, the ATP:ADP ratio was 16.199 1.26, a value not statistically different from data obtained in non-treated cells. The changes in ATP:ADP ratio followed a dosedependent decrease in endogenous ATP, whereas the levels of ADP were not significantly altered (not shown).
Influence of preincubation of 6itamin E on cell oxidation and glutathione reductase acti6ity
Because high concentrations of vitamin E succinate (80 vM) were shown to cause irreversible cell damage, as determined by LDH leakage, and a significant reduction in mitochondria activity, closely related to a decrease in ATP levels, we determined whether vitamin E succinate could still act as a potent antioxidant in cultured retinal cells, through the scavenging of peroxyl radicals formed after cell oxidation induced with ascorbate-Fe 2 + . Oxidative stress induced with 5 mM ascorbate and 100 vM Fe 2 + at pH 6.5 was previously found to increase the lipid peroxidation in co-cultures of retinal cells, as determined by the in culture. In fact, a mixture of drugs composed of 7.5 vM MK-801 and 10 vM CNQX, respectively, an inhibitor of N-methyl-D-aspartate (NMDA) and an inhibitor of non-NMDA receptors, incubated 45 min prior to the addition of vitamin E and during the incubation with vitamin E succinate (40-80 vM) for 20 h did not significantly affect the reduction of MTT observed after treatment with vitamin E succinate in the absence of MK-801 and CNQX (not shown).
Effect of 6itamin E succinate on the le6els of adenine nucleotides
Because the decreased capacity of cells to reduce the MTT salt has been referred to depend upon the normal activity of mitochondria (Mosmann, 1983; Keller et al., 1997) , we measured the intracellular levels in adenine nucleotides. Fig. 5 shows the alteration of the ratio ATP:ADP after treatment with vitamin E succinate (20 -80 vM), for 20 h. Similarly to that seen in Fig. 2 (dose-response curve of MTT reduction), the ATP:ADP ratio decreased in a a dose-dependent manner upon incubation of the retinal cells with 40 vM (9.09 90.98) and up to 80 vM (2.93 9 0.42) vita- Fig. 5 . Dose-dependent changes in the ATP:ADP ratio induced by vitamin E succinate. After a 20 h-incubation with vitamin E succinate (20 -80 vM) in culture medium, the retinal cells were extracted with perchloric acid and further neutralized with KOH -Tris. The samples were assayed for adenine nucleotide determination, by separation in a reversed-phase HPLC. Data are the mean9S.E.M. from four to five experiments run in triplicate. Statistical significance:***PB 0.001 as compared to the control, not exposed to vitamin E succinate. In order to try to explain the increased protection against retinal cell oxidation afforded by vitamin E succinate, as compared to vitamin E acetate, we determined the catalytic activity of GR (Fig. 7) , an enzyme responsible for converting GSSG into GSH, thus replenishing the intracellular antioxidant levels responsible for the reduction of oxidized protein thiol groups, amongst others. An increase (about 6-fold, PB 0.01) in the activity of GR was observed only after incubation with 80 vM vitamin E succinate, for 20 h (Fig. 7) . Preincubation with 80 vM vitamin E acetate did not significantly affect GR activity, as compared to the retinal cells not incubated with vitamin E (control). These data indicated that in the presence of vitamin E succinate the antioxidant capacity is enhanced in comparison with vitamin E acetate.
Influence of exposure to 6itamin E esters on the total cellular content of 6itamin E
The retinal cell content in vitamin E was analyzed by HPLC after supplementation of the cells with vitamin E succinate or vitamin E acetate. We chose the concentration of 80 vM for both forms of vitamin E, because this was the concentration that induced major changes in cell survival (Figs. 1-4) or antioxidant capacity (Figs. 6 and 7) . Data from Table 1 show that, although there was great variability between the various experiments, a significant increment in the amount of vitamin E incorporated in the retinal cells occurred after exposure to vitamin E succinate (Table 1) . Only a small, but not significant, increase in the cellular content of vitamin E was observed after incubation with the same concentration of vitamin E acetate ( Table 1 ). The exposure of the retinal cells to 0.8% ethanol did not significantly affect the levels of endogenous vitamin E, as compared to the control (not shown).
Effect of 6itamin E succinate on membrane anisotropy
Because the cytotoxic effects of vitamin E succinate supplementation, associated with an increase in the endogenous content of vitamin E (Table 1) formation of TBARS and conjugated dienes (Rego et al., 1996) . Fig. 6 shows that the oxidation with ascorbate -Fe 2 + for 15 min increased the production of TBARS, by about 17-fold. Preincubation of vitamin E succinate (20 vM or 80 vM) for 20 h was shown to greatly reduce the extent of cell oxidation to TBARS values close to the control, in the absence of ascorbate -Fe 2 + (Fig. 6) . Nevertheless, preincubation of vitamin E acetate only partially reduced the production of TBARS: from 30.119 2.83 nmol/mg protein after oxidative stress, in the absence of vitamin E, to 18.3992.60 nmol/mg protein after oxidative stress in cells preincubated with 20 vM vitamin E acetate (Fig. 6) . Vitamin E acetate (80 vM) enhanced the protection against ascorbate -Fe 2 + -oxidative stress, as compared to 20 vM vitamin E acetate (4.0290.92 nmol TBARS/mg protein were formed), although it was not as effective as 80 vM vitamin E succinate (2.69 90.51 nmol TBARS/mg protein), as shown in Fig. 6 . could induce some destabilization of the membrane structure, we measured the effect of increasing concentrations of vitamin E succinate on the membrane anisotropy of retinal cells, by using the probe TMA-DPH (Table 2 ). This probe was previously used to detect changes in the outer leaflet membrane order of retinal cells in culture (Rego and Oliveira, 1995) . As observed in Table 2 , none of the concentrations of vitamin E succinate used significantly altered the membrane order of retinal cells in culture, indicating that the cytotoxicity, observed after exposure to vitamin E succinate (80 vM), was not due to plasma membrane destabilization.
Discussion
In this study we found that depending on the form and concentration of vitamin E, it may increase cell survival or cause cytotoxic effects in retinal cells in culture, used as a model for a neuronal system. Low concentrations of vitamin E succinate decreased LDH release (Fig. 1) and preserved cell survival (Fig. 2) , suggesting some protective effects induced by this form of vitamin E. Nevertheless, high concentrations of vitamin E succinate (80 vM) significantly increased the release of LDH (approximately 40% of the total), indicative of irreversible plasma membrane damage (Fig. 1) , and greatly decreased the efficacy of the retinal cells to reduce MTT after a prolonged (20-24 h) exposure (Fig. 4) . The cytotoxic effects mediated by vitamin E succinate (above 25 vM) The retinal cells were incubated with vitamin E succinate (80 vM) or vitamin E acetate (80 vM) for 20 h. Then, the cells were disrupted with SDS and the vitamin E was extracted with n-hexane as described in Section 2. Vitamin E (unesterified h-tocopherol) was analyzed by reversed-phase HPLC. The data are the mean9S.E.M. from five to six determinations. Statistical significance: *PB0.05 as compared to the control, in the absence of exogenous vitamin E. The retinal cells, cultured on glass coverslips, were incubated with vitamin E succinate (20-80 vM) for 20 h in the culture medium. Then, the cells were incubated with 1.5 vM TMA-DPH and anisotropy (r) values were measured after 20 min, at 37°C. The results are the mean 9S.E.M. from eight to fifteen determinations for each concentration tested.
pherol protected the cells against radical injury initiated by cumene hydroperoxide (Amano et al., 1994) , or against ascorbate-Fe 2 + -mediated lipid peroxidation (Agostinho et al., 1997) . Moreover, h-tocopherol exists at a greater concentration in astrocytes than in neurons, which may be responsible for increased astrocyte resistance to oxidative stress (Makar et al., 1994) . Vitamin E succinate was also shown to protect against the toxic effects of hyperoxia (Fariss, 1990) or from lipid peroxidation and cell death (Ray and Fariss, 1994) .
The toxicity of high concentrations of vitamin E succinate, as compared to vitamin E acetate (Fig. 3) , was intimately dependent to the amount of vitamin E (h-tocopherol) incorporated in the cells, because the endogenous levels of vitamin E deriving from vitamin E succinate were larger than those that derived from vitamin E acetate (Table 1) . Furthermore, we observed that the cellular content in h-tocopherol from control retinal cells, not incubated with the vitamin E esters, is very low (Table 1) , which may be due to a small amount of vitamin E present in the culture media, as reported by Kelley et al. (1995) . Data from Table 1 suggested that, in the retinal cells in culture, the succinate ester was preferentially hydrolyzed into h-tocopherol as compared to the acetate ester, which seems to be in accordance with a greater efficiency of vitamin E succinate in decreasing the extent of lipid peroxidation (Fig.  6) . Nevertheless, did not induce significant alterations in the membrane order of the retinal cells (Table 2) , suggesting that vitamin E succinate did not cause the destabilization of the plasma membrane. Cheeseman et al. (1995) found that the initial rate of absorption into the plasma membrane of h-tocopherol from the acetate ester was apparently higher than from the succinate ester, although the overall availability was the same for the two esters. Similarly, Liebler (1993) reported that a prolonged exposure to h-tocopherol or to its esters (phosphate, succinate and acetate) increases the levels of h-tocopherol at an equal rate.
Because vitamin E succinate was proposed to have a unique subcellular distribution, accumulating at the level of the mitochondria (Ray and were previously observed in L1210 murine lymphocytic leukemia cells, as determined by trypan blue dye exclusion (Kelley et al., 1995) . Furthermore, although cell death has been frequently associated with the fragmentation of DNA, incubation of the retinal cells with the vitamin E esters, succinate or acetate (80 vM) for 20 h did not induce DNA laddering, as compared to control cells (author's unpublished data).
The antioxidant effects of vitamin E have been extensively described (Fariss, 1990; Smith et al., 1993; Mabile et al., 1995; Martin et al., 1996) . In retinal cells in culture, despite a significant decrease in cell survival, vitamin E succinate showed an effective antioxidant capacity. Vitamin E succinate (80 vM) increased the enzymatic activity of GR (Fig. 7) , suggesting increased formation of GSH. Moreover, vitamin E succinate demonstrated an enhanced antioxidant capacity as compared to vitamin E acetate, because the former induced a significant decrease in oxidative stress, as determined by TBARS formation (Fig. 6) . However, vitamin E acetate in high concentrations (80 vM) was shown to be effective as an antioxidant (Fig. 6 ). The efficiency of vitamin E, as a chain-breaking antioxidant, and its reactivity against peroxyl radicals are due to its orientation, within the membranes, with the chroman head group toward the surface and with the hydrophobic chain buried in the hydrocarbon region (reviewed in Van Acker et al., 1993) . In agreement with our results, in a neuronal system, h-toco- Fariss, 1994) , mitochondrial dysfunction, caused by high concentrations of vitamin E succinate, assumes great importance. Our results are highly suggestive that vitamin E succinate induces an alteration in mitochondrial activity, because a direct relationship between MTT reduction and ATP:ADP ratio was found. Although some recent work (Patel et al., 1996; Liu et al., 1997) indicates that the reduction of MTT does not take place exclusively in active mitochondria, it represents an early indicator of cell injury (Patel et al., 1996) . The oxidation of vitamin E has been reported to occur in the mitochondria, prior to the depletion of other easily oxidized antioxidants (Vatassery et al., 1995) . Furthermore, an increased availability of succinate, upon exposure of cells to vitamin E succinate, could be used by the mitochondria as a substrate of complex II to produce ATP. The subsequent release of h-tocopherol and succinate by endogenous esterases could prevent the loss of mitochondrial membrane potential, mitochondrial ultrastructural changes and the loss of cell viability induced by exogenous mitochondrial toxic agents (Ray and Fariss, 1994) . Our study is highly suggestive that this hypothesis could be valid only for low vitamin E succinate concentrations (up to 20 vM), but not for higher concentrations. The high concentration of vitamin E succinate is suggested to induce a loss of mitochondrial activity, since a decrease in MTT reduction and in ATP levels was observed.
Because, during cerebral ischemia, and especially upon reperfusion, the production of reactive oxygen species and lipid peroxidation occurs to a large extent, antioxidant protection afforded by vitamin E supplementation could constitute a basis for the prevention of oxidation cell injury. Taking into account that the unesterified form of vitamin E adheres to the plasma membrane without becoming incorporated, and that the more water-dispersible succinate ester is thought to be taken up by the cells, hydrolyzed by endogenous esterases and distributed to the cellular membranes (Liebler, 1993) , this form of vitamin E could provide an effective and stable cytoprotector. Because we found that vitamin E succinate is toxic after supplementation in cultured retinal cells at high concentrations, further attention should be given to the dosage of vitamin E esters used for both experimental and therapeutic purposes.
